The annelid provides a biological solution of effective locomotion adaptable to a large variety of unstructured environmental conditions. The undulated locomotion of the segmented body in the annelid is characterized by the combination of individual motion of the muscles distributed along the body, which has been of keen interest in biomimetic investigation. In this paper, we present an annelid-like robot driven by soft actuators based on dielectric elastomer. To mimic the unique motion of the annelid, a novel actuation method employing dielectric elastomer is developed. By using the actuator, a three-degree-of-freedom actuator module is presented, which can provide up-down translational motion, and two rotational degree-of-freedom motion. The proposed actuation method provides advantageous features of reduction in size, fast response and ruggedness in operation. By serially connecting the actuator modules, a micro-robot mimicking the motion of the annelid is developed and its effectiveness is experimentally demonstrated.
Introduction
Locomotion, which has been one of the most significant issues in robotics, becomes even important in advanced robotic applications, e.g. locomotion in unstructured environments. In dealing with the aforementioned problems, robotic researchers mainly concentrate on mimicking natures such as humans or animals recently. Typically, there are many reports on annelidlike robots, such as the inchworm or earthworm [1] [2] [3] [4] [5] . The annelid is one of the most popular mechanisms in robotic fields and it is employed in various areas such as in-pipe inspection robots, wall climbing robots, etc, because the locomotion of the annelid is the most simple and effective to move in arbitrary environments among the lower animals [6] .
However, it is almost impossible to realize a robot capable of mimicking the biological locomotion of the annelid with existing technologies. For instance, traditional actuators such as electromagnetic motors, pneumatic actuators etc, do not meet the requirements as biomimetic actuators because their intrinsic properties are truly different from those of biological muscles. Shape memory alloy (SMA), often regarded as one of the candidates for artificial muscle, has been employed for a small sized annelid-like robot [1, 3, 4] . SMA may be adequate for the micro-robot because it has a simple actuation principle and structure. However, it should be noted that SMA actuators have low bandwidth and efficiency because of their working mechanism, i.e. heating and cooling. Among potential candidates, electroactive polymers (EAP) seem to have great potential to be a new means of actuation [7] . In spite of the technical difficulties their application areas are rapidly expanding especially in robotic fields since the actuation mechanism of the polymers is similar to the human muscle. Among the various kinds of EAPs, dielectric elastomers can be considered to be prospective because they are very soft and their deformation is much greater than that of any other existing one. The deformation of dielectric elastomers can be used in various ways to produce actuation [8] [9] [10] [11] [12] [13] . The stretched film-type, the rolled and the bow tie actuators are the typical configurations of the actuator employing dielectric elastomer [9] . Basically, it has the advantages of low price, light weight, ease of fabrication and adaptability to a variety of actuator configurations which can provide the competitive edge over the other alternatives. In this paper, an annelidlike robot, which is constructed by artificial muscle based on a dielectric elastomer actuator (abbreviated as DEA afterwards), is developed. To mimic annelid motions, the actuator itself should have characteristics similar to the actuating scheme of the annelid animals. Thus, a new design of DEA actuator is proposed. It has advantageous features of reduction in size, fast response, ease and ruggedness of operation. It is noted that they are soft with muscle-like features and structural simplicity of the actuator capable of generating multiple degree-offreedom motions. The proposed annelid robot is the result of systematic researches considering these features.
The present paper is organized as follows. In section 2, biological inspirations from the annelid are addressed. In sections 3, 4, 5 and 6, the fundamentals of DEA, design of DEA actuator, fabrication and experimental evaluations are given. The annelid robot is described in detail in section 7 with demonstrations, and conclusions are given finally.
Biological inspirations from an annelid
As illustrated in figures 1 and 2, the earthworm, a typical annelid, has two distinctive muscular systems for locomotion, both of which run the whole length of the body. These two muscles are circular muscles and longitudinal muscles, respectively. The circular muscles surround each segment and longitudinal muscles run from segment to segment for the entire length of the earthworm. When the circular muscles are contracted, the diameter of the body is reduced, making the earthworm thin. When the longitudinal muscles are contracted, the length of the body is reduced, making the earthworm short. The contractions of an earthworm's muscles resemble a wave, contracting and relaxing a few segments at a time. Figure 3 illustrates the vermiculation of the earthworm. Traction is achieved through bristle hairs called setae that are distributed about the earthworm's segments. The setae are imbedded in the earthworm's longitudinal muscles; therefore, when the longitudinal muscle contracts and relaxes, the distance between the setae of different segments fluctuates. To move, an earthworm elongates its body and anchors its anterior with its setae and pulls the rest of its body forward. The locomotion of the earthworm is very simple and allows it to move effectively in its surroundings. Additionally, it can move on rough terrains and creep in thin tubes or across obstacles because it is very flexible.
In order to reproduce these muscle combinations, a new actuation method is needed since the conventional actuation method cannot meet the requirements. To keep morphological similarity such as metameric structures composed of numerous ring-like segments, distributed actuation is necessary with light overheads. In addition, kinematically it should provide the longitudinal motion as well as rotation, which is represented as three degrees of freedom in segment space. Moreover there should be possibilities of manufacturing a robot with a totally new fabrication method that enables mass production of a robot through innovative processes such as injection molding or stamping etc. Overall, a new domain of actuation needs to be investigated from the more fundamental and built up into a device.
Fundamental principles of actuation
The basic operational mechanism of DEA has been introduced in various publications despite some limitations of the formulation [8, 9, 11, 12] . The electromechanical transduction of a pair of parallel plates is the main principle of operation of the actuator. When an electric potential is applied across the elastomer film, the elastomer film is compressed along the thickness direction while expanded along the lateral direction S43 so that a mechanical actuation force is produced. The effective mechanical pressure in the thickness direction is derived as
where E is an applied electric field, t is thickness of elastomer, and 0 and r are the electric permittivity of free space and relative permittivity of the polymer, respectively. In order to avoid the time-dependent behavior of the dielectric elastomer actuator, pre-tension should be removed and only a pure compressive force induced by the Maxwell stress should be used for actuation. For the first step of the non-prestrained actuator design, the deformation of dielectric elastomer caused by the Maxwell stress is calculated. The governing equation should be modified for the vertical strain δ z according to the compression stress σ z :
where Y denotes the elastic modulus and t 0 is the initial thickness. Figure 4 shows the vertical strain δ z curve according to voltage increase about the silicone KE441 (ShinEtsu), the material properties of which are shown in table 1. As shown in figure 4 , the estimated compressive strain amount is about 1-3.5%, although that is dependent on the material properties and the applied input voltage. Since most dielectric elastomers are incompressible, that is if the actuator is assumed to be a thin circular disc, the radial strain δ r is derived as
Approximation of equation (6) yields
Equation (7) states that the usable radial strain is only half the vertical strain. For this reason either material with a high dielectric constant or very high input voltage can be used to yield high actuator performance. However, neither seems to be very practical since the polymeric materials commercially available have limited dielectric characteristics and the electric circuit devices handling such high voltages are also limited. Therefore, a new actuating method has to be developed for the non-prestrained actuator.
Proposed design of biomimetic actuator
The operational concept of the non-prestrained dielectric actuator is illustrated in figure 5 . As shown in figure 5(a) , a thin dielectric elastomer sheet is confined by rigid boundaries. Once a compressive force is applied to the sheet it expands such that it induces a buckling situation on the sheet and causes it to become either convex or concave. This would create an efficient actuation without prestrain. The relation between the radius of curvature r, the angle θ and the transverse strain δ a can be derived as follows: 
From the Taylor series expansion, sin(θ/2) can be [θ(24−θ 2 )/ 48], approximately. The angle θ can be derived as follows: And the displacement h is to be
where direction during actuation. Only expansion occurs in the area with electrodes d r ; thus the actual strain δ a should be calculated from δ r . That can be derived as
Fabrications
where δ a denotes a converted strain for total diameter and δ i is the virtual initial strain given by the initial condition
given by equation (6) and the vertical displacement is derived by equation (12) . Figure 7 shows the actual fabricated prototype of a dielectric elastomer actuator.
Preliminary experiments
To validate the mathematical modeling and evaluate the performance of the actuator proposed, several experiments were conducted. As shown in figure 8 , the displacements and forces of the actuator are measured with a laser displacement sensor (Keyence) and a strain gauge sensor. A test and an analysis have been compared in figure 9 . The simulation and the experiments have shown good agreement. There is a small error between the calculated result and experiment that might be caused by the disparity and difference in thickness of each layer, externally coated shield layer and the fabrication process. For complete measurements of the actuator performance, the frequency response of the actuator Figure 13 . Earthworm robot.
was also tested for both displacement and force. As shown in figure 10 , the soft-actuator generates fairly large displacement and force. The weight of the actuator is only 0.02 g and the diameter is 6.5 mm (including frame) with a thickness of 0.75 mm. Furthermore, the actuator shows fast response time for square wave form inputs as shown in figure 11 . This would indicate that the developed actuator can work for use in practical applications. 
Artificial annelid robot
To build up an artificial creature from biological inspiration, modification and simplification are necessary to optimize the kinematic structure and the actuation system. The ultimate goal would be to develop a robotic mover with simple and minimal components that fulfils the requirements of locomotion. According to preliminary observation of the locomotion of the annelid, it is noted that the longitudinal muscle primarily contributes to the locomotion, but that of the circular muscle is just supplementary. In addition, the undulatory robotic locomotion requires three-degree-offreedom modules for realizing the biomimetic movement of the annelid at least. To mimic the longitudinal muscle, the proposed actuator is designed as a module shown in figure 12 . Actuators are embedded in a PCB substrate with a pattern of electrodes for supplying the power to the actuators. An artificial annelid is constructed by connecting the modules serially. The actuator module consists of 12 actuators on both sides of a printed circuit board, which is a patterned electric wire to supply the electric energy. This actuator module works as both a power plant for the movement and a body skeleton of the robot. In other words, the robot can be built by simple stacking of the actuator modules without any additional mechanical structure. The actuator module shown in figure 12 has 20 mm diameter, 3 mm thickness and 0.4 g weight. In figure 13 a fully assembled inchworm robot is shown. This robot has eight actuator modules (96 actuators). Four wires in total are used to supply electric power and are connected to each module. In order to connect each module, small silicone cylinders, which have a 1 mm diameter and a height between 0.2 and 0.4 mm, are used to make point-point connections between each of the modules. They are bonded by silicone adhesives. The earthworm robot has front and rear sectors, each sector having four actuator modules. Each of the sectors is operated sequentially to create the motion of the earthworm. Specifications of the earthworm robot are shown in table 3. The speed of the earthworm robot depends on the operating frequency of each actuator. Figure 14 shows four movie frames during a 4.5 s locomotion. The robot shows a speed of about 1 mm s −1 with 5 Hz actuation.
The earthworm robot is covered with artificial skin to protect the inner organs as shown in figure 15 . The skin is fabricated by a 3D molding method with a silicone CF19-2186 (Nusil). The thickness of skin is only 100 µm. Additionally, it has wrinkles at the position of each septa to help the contraction and expansion of the robot. 
Conclusions
This paper presents an earthworm robot that uses a novel actuator. The robot simply consists of polymer and plastic materials except for the electric wire, and showed the possibility of constructing cheap robots. To construct the earthworm robot, a novel soft actuator based on a dielectric elastomer has been proposed. The soft actuator has been built to avoid the time-dependent behavior of previous approaches. Also, it is not necessary to construct strong frames to support a high pre-tension and the additional elastic body to keep the balance of restoration force. Therefore, we can construct an actuator with small size, light weight and simple structure.
It not only enables efficient actuation but also makes it possible to manufacture a robot through a totally new fabrication method that enables mass production of a robot through processes such as injection molding or stamping. In addition, there are possibilities of easily mimicking the natural and delicate motions such as animal skin motions, wrinkling and eyebrow movement without using many actuators. The design of the segment addressed in this paper illustrates a realization of embedding actuators in the robot without using complicated mechanisms or their substitutes.
